This study constitutes the first characterization of Brazilian sparkling wines in terms of their aromatic compounds. The wines were produced by a traditional method with five classical varieties recognized for the production of sparkling wines (Pinot Noir, Pinot Gris, Chardonnay, Sauvignon Blanc and Riesling Renano) and five innovative varieties (Moscato Embrapa, Niagara, Villenave, Goethe and Manzoni Bianco) widely used in Brazil for the production of wine. The objective of this study was to characterize the sparkling wines in relation to their chemical composition and volatile compounds content. Of the phenolic compounds determined, the highest concentration was observed for tyrosol. In relation to volatile compounds, twenty-five compounds were determined. Isoamyl acetate was detected in high concentrations in all of the sparkling wines, particularly Moscato Embrapa (610.7 μg × L −1 ) (odor activity value OAV = 20.4), and the ethyl octanoate concentration was high in Villenave (976.6 μg × L −1 ) (OAV = 195.0). High concentrations of monoterpenes, such as linalool, were observed in the Riesling Renano (209.1 μg × L −1 ) (OAV = 8.4) and geraniol in Moscato Embrapa (128.6 μg × L −1 ) (OAV = 18.6) wines. Principal component analysis and cluster analysis were carried out using the data obtained for the volatile compounds in the sparkling wines and the separation of two groups was observed, in which the innovative varieties Moscato Embrapa, Niagara and Villenave were clearly separated from the other sparkling wines. These results indicate that the innovative varieties in Brazil can present particular and differentiated characteristics related to the volatile composition, offering an alternative for the production of sparkling wines in Brazil.
Introduction
Brazilian viticulture is notable for the production of Vitis labrusca (V. labrusca) and hybrid grapes. The wines produced with these grape varieties have typical aromas and flavors which are in high demand by an important quota of Brazilian wine consumers. In contrast to traditional thinking, with regard to sparkling wines produced with these grapes, the search for differentiated products linked to regional identity has been proved to be an excellent national and international trade strategy. Notable innovative white grape varieties grown in Brazil include Moscato Embrapa, Villenave, Niagara, Goethe and Manzoni Bianco.
Moscato Embrapa is a variety with a Muscat-type flavor suitable for the production of aromatic table wines. The Villenave variety was developed in Bordeaux (INRA selection 9216) and is a Walsh Riesling cross. The wine produced from this grape has a beautiful clear yellow color, intense floral aroma, good balance of acidity and structure, and great potential for the development of aromatic white wines and sparkling wines (Schuck, Rosier, Doazan, & Ducroquet, 1999) . The Niagara variety is a V. labrusca and is the white grape with the largest cultivation area in Santa Catarina State. It is very rustic and the wine has an aroma and taste very characteristic of the variety, which is widely accepted by the consumer (Maia & Camargo, 2005) . Goethe is a hybrid variety (87.5% of genes from Vitis vinifera (V. vinifera) varieties and 12.5% from V. labrusca varieties) exclusively cultivated in the region around Urussanga, in the south of Santa Catarina State (Ferreira-Lima, Burin, & Bordignon-Luiz, 2013) . The Manzoni Bianco variety, also known as Incrocio Manzoni 6.0.13, is a white Riesling × Pinot Blanc cross achieved by Luigi Manzoni. Agronomically, at ripeness these grapes have high levels of sugar and total acidity (Nicolini, Versini, Moser, Carlin, & Massolini, 2003) .
The chemical composition, principally the volatile compound content, constitutes a factor of paramount importance in the production of high quality sparkling wines (Vannier, Brun, & Feinberg, 1999; Pozo-Bayón, Hernández, Martín Álvares, & Polo, 2003) .
The presence of volatile compounds in sparkling wine can be influenced by several factors, such as the base wine characteristics, mainly with the grape cultivar (varietal aroma), the yeasts (fermentative aroma) or the aging stage (post-fermentative aroma). Although different factors, such as the variations in winemaking technology employed in their production and other viticultural characteristics (soil, vineyard yield, etc.), can influence the sparkling wine composition, the grape variety used in their manufacture can be considered one of the most important (Pozo-Bayón, Martínez-Rodríguez, Pueyo, & Moreno-Arribas, 2009 ). The production of sparkling wines is lower compared to that of still wines, but the economic impact of this product is very important because of its high added value. For this reason customer awareness of the quality is increasing and winemakers are constantly looking for product improvements and new products. In recent years a new market strategy in the oenological industry based on the diversification of wine production and on the exploitation of the characteristics and particularities of different varieties of grapes is emerging (Pozo-Bayón et al., 2009; Pozo-Bayón, Martín-Álvarez, Moreno-Arribas, Andujar-Ortiz, & Pueyo, 2010) . The aim of this study was to produce sparkling wines with innovative varieties from Brazil (hybrid and V. labrusca grapes) and with classical V. vinifera grapes, using the traditional method (Champenoise), and characterize the sparkling wines according to their chemical and volatile composition. Since these innovative varieties are widely grown in southern Brazil this study seeks to add value to the local typicality and increase the economic value of these grapes.
Material and methods

Winemaking procedure
For the production of the sparkling wines in this study four varieties of white grape V. vinifera were used (Chardonnay, Pinot Gris, Riesling Renano and Sauvignon Blanc) and one red grape V. vinifera (Pinot Noir), denominated as classical varieties, and five white grapes hybrids and V. labrusca (Niagara, Moscato Embrapa, Villenave, Goethe and Manzoni Bianco) denominated as innovative varieties. All grapes were harvested from February to April 2010 at the vineyards of the Epagri Experimental Station at Videira, Santa Catarina, Brazil, The soil of this region is of the type Hapludox according to U.S.D.A. classifications and the weather of the Videira region is classified according to the Geoviticulture Multicriteria Climatic Classification System and as "Region III", of the Winkler Regions and the base wines were produced in the microvinification laboratory at the same Experimental Station.
Each wine was produced from a single cultivar using "free run" juice which was allowed minimal contact with the grape skins or seeds. The wines were fermented with Saccharomyces cerevisiae PB2019 (Fermol Blanc-AEB Spa-Bréscia, Italy) in stainless steel and had not undergone malolactic fermentation by the end of this fermentation process. They were cold stabilized and sulfur dioxide was added prior to bottling. For the preparation of the sparkling wines, 24 g × L −1 inverted sugar syrup was added to provide 6.0 atm pressure with S. cerevisiae PB2002 (Fermol Reims Champagne AEB Spa-Bréscia, Italy) yeast and 0.7 mL × L −1 bentonite solution (AEB Spa-Brescia, Italy). Wines were stored at 17°C until the secondary fermentation was completed. After 18 months of bottle-aging under lees at 10°C, the sparkling wines were riddled, disgorged and corked.
Chemical analysis
All chromatographic solvents were HPLC grade and were purchased from Merck (Darmstadt, Germany). DPPH (1,1-diphenyl-2picrylhydrazyl), ABTS [2,2-azino-bis(3 ethylbenzothiazoline-6sulphonic acid)], malic acid, lactic acid and trans-resveratrol were purchased from Sigma Aldrich (St. Louis, MO, USA), (+)-catechin, (−)-epicatechin, tyrosol, tartaric acid, succinic acid and Folin-Ciocalteu were obtained from Fluka (Steinheim, Germany).Bradford reagent essay was purchased from Bio-Rad (California, USA). The other reagents used were all analytical grade.
Oenological analysis of sparkling wines
Total acidity (g × L −1 tartaric acid), volatile acidity (g × L −1 acetic acid), free SO 2 (mg × L −1 ), dry extract (g × L −1 ), ash (g × L −1 ), residual sugar (g × L −1 ), alcohol (% v/v) and density (20/20) were determined according to the International Organization of Vine and Wine methods (Organisation Internationale de la Vigne et du Vin, 2011).
A UV-VIS spectrophotometer (Hitachi U 2010, CA, USA) was used for all spectrophotometric analyses. The wine protein content was determined according to the Bradford method (Marchal, Seguin, & Maujean, 1997) and the results were expressed in mg × L − 1 . Bovine serum albumin (BSA) was used as a standard. The total phenolic content of the sparkling wines was determined using the Folin-Ciocalteu method modified by Alonso, Guillén, Barroso, Puertas, and García (2002) and the results were expressed as mg × L − 1 of gallic acid (GAE). Color intensity was determined according to the method described by Glories (1984) , by measuring the absorbance at 420, 520 and 620 nm.
Antioxidant activity
The antioxidant activity of the wine was determined by three methods: DPPH, ABTS and FRAP. The DPPH (1,1-diphenyl-2picrylhydrazyl) radical activity was measured through the extinction of the maximum absorption at 517 nm (Kim, Lee, Lee, & Lee, 2002) . The ABTS [2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)] radical antioxidant activity was determined according to Re et al. (1999) . The FRAP (ferric reducing ability of plasma) method was carried out according to Benzie and Strain (1996) with measurements taken at 620 nm. Results are expressed in Trolox equivalent antioxidant activity (mmol TEAC·L −1 wine).
Phenolic compounds and organic acid analysis
Chromatographic analysis was performed by high performance liquid chromatography (HPLC) using a Varian (CA, USA) liquid chromatograph, equipped with a quaternary pump (Pro Star 230), a UV-Vis detector (Pro Star 310) with the Star workstation software (v. 6.0). The column used (4.6 mm, 250 mm, 5 μm particle size) was reversedphase C18 column (Phenomenex Torrance, CA, USA).
The phenolic compounds, (−)-epicatechin, (+)-catechin, tyrosol and trans-resveratrol, were analyzed according to the method described by Cadahía, Simón, Sanz, Poveda, and Colio (2009) with modifications. The mobile phase A was water:acetic acid (98:2 v/v) and mobile phase B was water:acetonitrile:acetic acid, (58:40:2 v/v/v). The elutions were carried out applying a linear gradient: 0-10 min, 45% B linear; 10-20 min, 45% B isocratic; 20-30 min, 80% B linear; 30-35 min, washing and re-equilibration of the column. The flow rate was 1.0 mL min −1 . The sparkling wine samples were degassed for 20 min on a ultrasound bath (Quimis, Brazil), filtered through a modified 0.45 μm PTFE membrane filter with 13 mm of diameter (Millipore, Bedford, MA) and directly injected into the HPLC. Individual compounds were identified by comparing their retention times and spectra with those of original standards. Quantitative determinations were carried out using the standard external calibration method. The wavelengths used for the quantification were 280 nm for (−)-epicatechin, (+)-catechin, tyrosol and 306 nm for trans-resveratrol.
The organic acids tartaric, succinic, malic and lactic were analyzed as described by Escobal, Iriondo, Laborra, Elejalde, and Gonzalez (1998) . Separations were carried out under isocratic conditions using a 1.2% (v/v) H 3 PO 4 acid mobile phase at a flow rate of 0.8 mL min − 1 and the UV-detection of organic acids was carried out at 210 nm. For the analysis, 1mL of wine was diluted in 10 mL of ultra-pure water.
Volatile compound extraction and determination
All sparkling wines were analyzed as described by Mateo, Gentilini, Huerta, Jiménez, and Di Stefano (1997) . A diluted (1:3) sample aliquot of 100 mL was spiked with 1-heptanol as the internal standard (200 μL of 44 mg × L − 1 solution in 10% ethanol), and was loaded onto a 1 g Sep-Pak C-18 reversed-phase solid-phase extraction (SPE) cartridge (Waters Corporation, Milford, MA, USA). This extract containing free volatile compounds was immediately analyzed by gas chromatography/mass spectrometry (GC/MS) and GC-FID.
The glycoconjugates were then eluted from the cartridge with 20 mL of methanol and the eluate was concentrated to dryness using a vacuum rotavapor (Buchi R-210, Switzerland) at 35°C. The dried glycosidic extract obtained was dissolved in 3 mL of citrate phosphate buffer (0.2 M, pH 5). The enzymatic hydrolysis was carried out using 50 mg of an AR-2000 commercial preparation with glycosidase activity (DSM Oenology, The Netherlands) and incubation at 40°C for 24 h. After adding 200 μL of 1-heptanol (44 mg × L −1 solution in 10% ethanol), glycosylated precursors were extracted follow in the previously described SPE method. The dichloromethane extract obtained was dried over anhydrous Na 2 SO 4 , concentrated to 200 μL under nitrogen and kept at − 20°C until analysis.
The analysis was performed with a Perkin Elmer Turbo-mass Gold (Perkin Elmer, Waltham, MA, USA) and a DB-WAX capillary column (30 m × 0.25 mm, 0.25 μm, J&W Scientific Inc., Folsom, CA, USA) (Torchio, Río Segade, Gerbi, Cagnasso, & Rolle, 2011). The temperature program started at 35°C which was held for 5 min, increasing at a rate of 2°C min to190°C and 3°C min to 230°C which was for 5 min. The carrier gas (He) flow rate was 1 mL min −1 . Injections of 1 μL were performed in split mode (1:10). The injection port temperature was 250°C, the ion source temperature was 240°C and the interface temperature was 230°C (solvent delay of 6.5 min). The detection was carried out by electron impact mass spectrometry in total ion current (TIC) mode, using an ionization energy of 70 e − V. The mass acquisition range was m/z 30-330. The identification of volatile compounds was confirmed by the injection of pure standards and comparison of their retention indices (a mixture of a homologous series of C5-C28 was used) with MS data reported in the literature and in a database. Compounds for which pure standards were not available, were identified on the basis of their mass spectra and retention indices available in the literature. Data (μg × L −1 ) were obtained by measuring the relative peak area of each identified compound in relation to that of the added internal standard.
Odor activity value
To evaluate the contribution of a chemical compound to the wine aroma the odor activity value (OAV) was determined. OAV is an indicator of the importance of a specific compound to the aroma of a sample. It was calculated as the ratio between the concentration of an individual compound and the perception threshold described in the literature. Terpenes
0.8 ± 0.1 a 2.5 ± 0.5 bc 1.3 ± 0.2 a 0.9 ± 0.1 a 1.6 ± 0.4 b Linalool oxide D(trans-pyran) 0.8 ± 0.2 ab 0.9 ± 0.1 ab 0.5 ± 0.1 a 0.3 ± 0. The results are expressed as means ± standard deviation with three replicates for each of the two bottles of sparkling wine sample. Different letters indicate significant differences (p b 0.05) between samples. ⁎ Reference from which the value was taken is given in brackets.
(1) The matrix was a 10% water/ethanol solution (Guth, 1997) ; (2) the matrix was an 11% water/ethanol solution containing 7 g × L −1 glycerol and 5 g × L −1 tartaric acid, with the pH adjusted to 3.4 with 1 M NaOH (Ferreira, Lopez, & Cacho, 2000) ; (3) the matrix was a 10% water/ethanol solution at pH 3.2 (Ferreira, Lopez, & Aznar, 2002) ; (4) (Perestrelo et al., 2006 ).
Statistical analysis
All analyses were carried out in triplicate for each of the two bottles of sparkling wine sample and the results expressed as mean values ± standard deviation. The Statistica v. 11.0 (2011) (Stat Soft Inc., Tulsa, OK, USA) program was used for the analysis of variance (ANOVA), Tukey test (p b 0.05), correlation analysis, principal component analysis (PCA) and cluster analysis. Table 1 shows the enological parameters of sparkling wines manufactured with different grape varieties. Significant differences between the parameters evaluated were observed for most of the sparkling wines produced with the different grape varieties. The values for total acidity, volatile acidity and free SO 2 , were below the permitted levels, indicating that the grapes were healthy and that good vinification practices were used (Boulton, Singleton, Bisson, & Kunkee, 1996) . In general, all of the parameters evaluated were within the ranges established by Brazilian regulations for sparkling wine (Brasil, 1988) .
Results and discussion
Oenological analysis of sparkling wines
The Goethe Sparkling wine showed the highest value for the color intensity (0.97) and Pinot Noir the lowest (0.16). These values are closed to those found for Cavas sparkling wines (Pozo-Bayón et al., 2010) .
Proteins are minor constituents of wine, although they greatly contribute to the quality of the product and, in fact, they are responsible for the "body" sensation. Proteins can bind volatile compounds retaining the wine aroma and also have a positive effect on foam stability (Luguera, Moreno-Arribas, Pueyo, Bartolomé, & Polo, 1998; Torresi, Frangipane, & Anelli, 2011) . The highest values for protein content (Table 1) were obtained for the sparkling wines manufactured with the Moscato Embrapa and Niagara grapes (42.0 and 40.0 mg × L −1 , respectively), both innovative varieties, while the lowest content was observed in Sauvignon Blanc sparkling wine (20.3 mg × L −1 ). The protein content observed in this study is higher than those detected by other researchers, for instance, 4.85-5.52 mg × L −1 for Chardonnay sparkling wines (Cilindre, Liger-Belair, Villaume, Jeandet, & Marchal, 2010) and 4.50-5.73 mg × L −1 for Parellada sparkling wines (Pozo-Bayón, 2004).
Phenolic compounds and antioxidant activity
Phenolic compounds constitute an important factor in relation to the sensorial, color, stringency and bitterness characteristics of wines, and they are also responsible for the biochemical and pharmacological effects, such as antioxidant activity. The phenolic composition of wines varies according to many factors, mainly the grape variety and the processing conditions (Torchio et al., 2011; Chamkha, Cathala, Cheynier, & Douillard, 2003) . In this study, four of the phenolic compounds present in the grapes and sparkling wines were determined (Table 1) . The major phenolic compound present was tyrosol, with values ranging from 18.6 to 55.3 mg × L −1 in the sparkling wine produced from Pinot Noir and Goethe grapes respectively. This compound is a product of the fermentation (tyrosine deamination), and has been shown to behave as a multi-targeted bio-active compound, as well as a potent antioxidant associated with the beneficial effects of wines (Fernández-Mar, Mateos, García-Parrilla, Puertas, & Cantos-Villar, 2012) . In relation to the flavanol content, which has an important influence on the stringency and color of wines (González-Manzano, Rivas-Gonzalo, & Santos-Buelga, 2004; Castillo-Munõz, Gómez-Alonso, García-Romero, & Hermosín-Gutiérrez, 2010) , it was observed that the (+)-catechin values ranged from1.31 to 16.6 mg × L −1 in the Riesling Renano and Pinot Noir wines, respectively, and (−)-epicatechin ranged from 1.23 to 5.70 mg × L −1 in the Riesling Renano and Niagara wines, respectively. The same flavanols were also detected in other sparkling wines with similar levels for classical varieties, such as Chardonnay (0.71 to 2.2 mg × L − 1 ) and Pinot Noir (0.31-4.90 mg × L −1 ) (Chamkha et al., 2003; Ibern-Gomez et al., 2000) . Another important phenolic compound is trans-resveratrol, which is found in the seeds and skin of grapes. This compound is responsible for many healthpromoting properties including antioxidant activity, cardioprotective capacity, anticancer, neuroprotective, anti-aging and antidiabetic activity (Fernández-Mar et al., 2012) . In this study, it was observed that the highest concentration of trans-resveratrol was obtained for the Moscato Embrapa sparkling wine (0.48 mg × L −1 ) and this compound was not detected in Pinot Gris and Niagara sparkling wines. The concentration of trans-resveratrol was similar to that reported in sparkling wines produced from Chardonnay grapes (0.08-0.10 mg × L −1 ) and Pinot Noir (0.08-0.16 mg × L −1 ) (Chamkha et al., 2003) .
In the literature, there are few reports on studies in which the antioxidant capacity of sparkling wine was determined. In this study, the antioxidant activity of 10 Brazilian sparkling wines was determined and no difference was observed between the sparkling wines produced with classic and innovative varieties. In general, the antioxidant capacity of sparkling wines is close to those observed by Stefenon et al. (2010) for sparkling wines produced by the classical method and Jordão et al. (2010) for commercial Portuguese sparkling wines produced from Bairrada Appelation of Origin with white and red grape varieties cultivated in this region the sparkling wines elaborated with red grape varieties showed highest antioxidant activity than white ones.
According to the results obtained for the chemical composition of the sparkling wines reasonable to good correlations between the phenolic composition, protein content and antioxidant activity were found (DPPH, ABTS and FRAP methods). A positive and significant (p b 0.05) correlation was noted between the total phenolic content and antioxidant activity for the three methods, the highest value being obtained for the ABTS method (R = 0.860), followed by the DPPH method (R = 0.760) In relation to the individual phenolic compounds, (+)-catechin showed the highest correlation with antioxidant activity on applying the ABTS method (R = 0.820).
The values obtained for total proteins were also strongly correlated with the antioxidant activity, a strongest positive correlations being observed on applying the ABTS (R = 0.980) and DPPH (R = 0.910) methods and the lowest with the FRAP method (R = 0.770), revealing that the wines with higher levels of total proteins had higher antioxidant capacity. Some authors have established the contribution of the yeast cell wall components to the antioxidant activity and the biomolecules of total proteins to the antioxidant activity of sparkling wines, with good correlations being reported. (Gallardo-Chacón, Vichi, Urpí, López-Tamames, & Buxaderas, 2010; Rodriguez-Nogales, Fernández-Fernández, Gómez, & Vila-Crespo, 2012) . Proteins and glucans are considered the principal fractions responsible for yeast wall antioxidant activity (Jaehrig, Rohn, Kroh, Fleischer, & Kurz, 2007 , Jaehrig et al., 2008 . In particular, thiol groups from denatured proteins could have an important role in the antioxidant effect of yeast cell wall (Jaehrig et al., 2007) . Rodriguez-Nogales et al. (2012) observed an important influence of the levels of neutral polysaccharides and total proteins on the antioxidant activity of sparkling wines.
Volatile compounds
Twenty-five volatile compounds present in the sparkling wines manufactured with traditional and innovative varieties were quantified and separated into their chemical classes (esters, monoterpenoids, alcohols and medium fatty acids) ( Table 2 ). In order to assess the influence of the compounds studied on overall wine aroma odor activity value (OAV) was calculated, only compounds with OAV greater than 1 contribute individually to the wine aroma (Guth, 1997; Vilanova, Genisheva, Masa, & Oliveira, 2010) . This is the first characterization of the main odorants of sparkling wines manufactured with these innovative varieties and, to the best of our knowledge, the first characterization of odorants in Brazilian sparkling wines.
The acetate esters are derived from the reaction of acetyl-CoA with higher alcohols formed by the degradation of amino acids or carbohydrates (Perestrelo, Fernandes, Albuquerque, Marques, & Câmara, 2006) The isoamyl acetate (3-methyl-1-butyl acetate), with a fruity odor of "banana", was found in high concentrations in sparkling wines manufactured with the innovative varieties, principally with Moscato Embrapa (610.7 μg × L −1 ), with an OAV of 20.4, which represents a concentration 20 times over its odor threshold. In addition, the Villenave and Niagara sparkling wines also contained high concentrations of isoamyl acetate, 393.6 and 183.4 μg × L −1 with OAVs of 13.1 and 6.1, respectively.
One class of compounds which is very important in relation to the sensorial characteristics of wines are esters, the ethyl esters of the fatty acids being strongly related to the wine aroma, giving fruity and floral notes (Ferreira, Fernandez, Pena, Escudero, & Cacho, 1995) . These are produced enzymatically during the yeast fermentation and from the ethanolysis of acyl-CoA which is formed during fatty acids synthesis or degradation. The concentration of these compounds is dependent on several factors including the yeast strain, fermentation temperature, aeration degree and sugar contents (Perestrelo et al., 2006) . It was observed that the sparkling wine produced with Moscato Embrapa, an innovative variety, showed the highest concentration of ethyl hexanoate 841.6 μg × L −1 (OAV = 60.1), followed by Villenave 563.3 μg × L − 1 (OAV = 40.2) and Niagara 489.8 μg × L − 1 (OAV = 35.0) varieties. These compounds are responsible for the aromatic notes of green apple in the wines. Another ethyl ester present in the sparkling wines was ethyl octanoate, which confers the odor descriptor of pineapple. All sparkling wines evaluated showed high values for this compound and the highest levels were observed for the sparkling wines of Villenave and Moscato Embrapa, with 976.6 and 954.4 μg × L −1 and OAVs of 195.0 and 190.9, respectively. The concentrations of ethyl decanoate (grape aroma) and 2-phenylethyl acetate (rose aroma) found in the sparkling wines are below the odor threshold values for these compounds, although some studies show that even at low concentrations these compounds produce an additive or even synergic effect (Genovese, Lamorte, Gambuti, & Moio, 2013) .
In the aroma of white wines, monoterpenes play an important role, this being a group of flavor compounds characteristic of specific grapes used for wine production. These compounds are responsible for the floral and fruity aromas associated with the primary aroma of the wines. In some white wines, such as Muscat and Gewurtztramminer, they are among the key odorants and their concentrations can be several mg × L −1 . According to Bordiga et al. (2013) the monoterpenes present in wines can be naturally converted to oxides (derivatives of corresponding pyranic and furanic forms) in the bottle. The main monoterpenes identified in this study were linalool, hotrienol, αterpineol, citronellol, geraniol and the oxide forms of linalool. For all of the sparkling wines the linalool concentrations were over the odor threshold value, particularly in the case of Riesling Renano the highest concentration with 209.1 μg × L − 1 and OAV of 8.4. For citronellol, only the sparkling wines of Moscato Embrapa and Niagara had OAVs over 1 with concentrations of 22.5 and 25.6 μg × L − 1 and OAVs 1.2 and 1.4, respectively. The sparkling wines produced from Riesling Renano, Chardonnay, Villenave and Moscato Embrapa grapes had geraniol concentrations above the odor threshold value and the highest concentration was in Moscato Embrapa 128.6 μg × L − 1 (OAV = 18.6).
Another class of fermentative volatile compounds is the higher alcohols, which are composed mainly of n-alcohols with a chain length of C6. Higher alcohols can be synthesized by yeast through either the anabolic pathway from glucose or the catabolic pathway from their corresponding amino acids (valine, leucine, iso-leucine and phenylalanine). Consequently, they are released to the medium as secondary products of yeast metabolism, and they are responsible for the secondary or 'fermentative' aroma of wines. The compound 2-phenyl ethanol was the major aromatic compound measured in these sparkling wines, with values ranging from 2990 μg × L − 1 to 22,561 μg × L − 1 , in Pinot Noir and Niagara, respectively. According to other reports in the literature, the sparkling wines made with Muscat grapes also contain a high concentration of 2-phenyl ethanol (22,370 μg × L −1 ) (Bordiga et al., 2013) and Macabeo, Xarel-lo and Parellada have values between 16,871 and 20,578 μg × L − 1 (Torrens, Riu-Aumatell, Vichi, López-Tamames, & Buxaderas, 2010) . Thus, 2-phenyl ethanol may contribute to the aroma of sparkling wines with rose and sweet notes. In this study, the2-phenyl ethanol concentrations in the Villenave, Sauvignon Blanc, Riesling Renano and Niagara sparkling wines were above the odor threshold value (OAV N 1). Other alcohols characterized by "vegetal" and "herbaceous" notes, such as 1-hexanol and cis and trans 3hexenol, which are well known to be formed by enzyme action in the pre-fermentation stage, showed concentrations below of the odor threshold value for all of the sparkling wines evaluated.
The contribution of fermentative sulfur compounds to the aroma of wine is considered to be very important, in particular to explain offflavors. These compounds can interact with the main flavor and contribute to the wine aroma complexity (Mestres, Busto, & Guasch, 2000; Fedrizzi, Magno, Finato, & Versini, 2010) . Recently, particular attention has been paid to understanding the possible positive contributions to wine quality of these compounds when present in concentrations lower than or close to their threshold values. In this study, the content of 3-methylthio-1-propanol (methionol), which is responsible for a cooked and cabbage note, was determined and it was observed that none of the sparkling wines had values above the odor threshold value, the lowest value being18.1 μg × L −1 forPinot Noir and the highest 228.3 μg × L −1 for the innovative Goethe variety.
In order to identify correlations between the volatile compounds detected in the sparkling wines, correlation analysis (R) was carried out. Significant positive correlations (p b 0.05) were observed between isoamyl acetate and ethyl octanoate (R = 0.73), ethyl hexanoate (R = 0.88), citronellol (R = 0.73) and geraniol (R = 0.81). Positive correlations were also observed between esters and their precursors (e.g. ethyl hexanoate) and with the precursor hexanoic acid (R = 0.92) and between ethyl octanoate and octanoic acid (R = 0.93).
The evaluation of Brazilian sparkling wines produced from classical and innovative varieties was carried out by data analysis using multivariate techniques in order to obtain additional information regarding the influence of the grape variety on the aromatic composition of sparkling wines. Separation was obtained using principal component analysis (PCA) (Fig. 1 ) and cluster analysis (Fig. 2) performed using the volatile compounds data for the sparkling wines ( Through the PCA (Fig 1) it was possible to observe that the two principal components explain around 66% of the total data variability. The first principal component (PC1) that explained most of the total variability of the data (50.2%) was strongly correlated with hexanoic acid, octanoic acid, ethyl octanoate and ethyl hexanoate, and showed in all cases factor loadings greater than 0.90. Based on the PCA results, there was a separation along the first component, where the sparkling wines manufactured with the innovative varieties Niagara, Villenave and Moscato Embrapa were groups separately from the other varieties. This finding can be explained considering that Niagara is a V. labrusca variety and Villenave and Moscato Embrapa are hybrid grapes obtained from the crossing of V. vinifera and V. labrusca varieties. However, it was observed that the sparkling wines of Goethe and Manzoni Bianco, both innovative varieties, were grouped together withthe sparkling wines produced with the classical varieties (V. vinifera). This approximation can be attributed to the fact that the Goethe variety, despite being a hybrid, has only 12.5% of V. labrusca, while Manzoni Bianco originated from the crossing of two varieties of V. vinifera. In relation to the volatile composition of the sparkling wines, it was observed that the Villenave and Moscato Embrapa sparkling wines showed strong and positive correlations with the chemical classes ethyl ethers and monoterpenes, while the sparkling wine produced from Niagara grapes showed a strong correlation with linalol oxide (forms D, B and C), which is responsible for floral and fruity aromas.
Cluster analysis was carried out by the Ward's method (Fig. 2) and a graphical representation was presented in the form of a dendrogram, where the separation criterion was the Euclidean distance (%). It was possible to clearly observe the formation of two homogenous groups, which is consistent with the PCA results (Fig. 1) . One group comprised the sparkling wines manufactured with the innovative varieties Niagara, Villenave and Moscato Embrapa and the other group the sparkling wines manufactured with the traditional varieties and the sparkling wines manufactured with the innovative grape varieties Manzoni Bianco and Goethe.
Conclusions
In this study, it was verified that the grape variety has a strong effect on the manufacture of sparkling wines. The sparkling wines produced from the innovative varieties contained a high concentration of esters, particularly in the case of Moscato Embrapa and Villenave, where isoamyl acetate, ethyl hexanoate, ethyl octanoate, linalool, octanoic acid and hexanoic acid had high OAVs.
The multivariate (PCA) analysis of the volatile compounds data for the sparkling wines showed a clear separation between the sparkling wines manufactured with the innovative grape varieties Villenave, Moscato Embrapa and Niagara and the sparkling wines manufactured with the classical grape varieties and the two innovative varieties Goethe and Manzoni Bianco. The same result was also obtained in the cluster analysis, which showed the formation of two homogeneous groups.
These results indicate that the innovative varieties in Brazil can provide particular and differentiated characteristics, mainly those related to the volatile composition, offering an alternative for the production of Brazilian sparkling wines.
The data reported herein are based on a single crop and future research is needed to evaluate the influence of the crop on the data.
